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'  Abstract 


Electrification  in  friction  ha_  been  studied  quantitatively,  Glass  balls 
roll  through  a  glass  tube  a  d  fall  into  a  Faraday  cage.  The  individual 
charges  on  150-200  balls  ar  ■  recorded-and  evaluated  statistically. 
Primary  variables  are  >*af;  f  of  feed  of  balls  into  the  tube  (f  =  1  to  f  --  70 
balls  per  minute)  and  time '■}■  spent  by  each -ball, in  the  tube,  (inclination 
of  lube  a  -  2°  to  a  -  29'  ).  The  empirical  formulae  obtained  for  the 
average  absolute  charge  o^and  faction  of  positive  balls  N+  are 
<1  v  anc*  =  k'i'l’  \fi~-  The  atmosphere  in  the  tube  is  the 

ambient.  Blowing  through  the  tube  makes  =  0  and  increases 
q  by  a  factor  of  2.  5.  Blowing  N2  through  the  tube  has  no  appreciable 
effect. 


The  mod  "mism  of  charge  generation  has  been  identified  as  to  its  main 
features.  F  fiction  causes  disturbance  of  the  equilibrium  between  the 
glass  surface  and  the  atmosphere  and  reactions  tending  to  restore  tins 
equilibrium  and  to  establish  equilibrium  between  the  two  surfaces  in 
contact.  These  reactions  are  oxidation  -  reduction  reactions.  Instru¬ 
mental  in  charge  transfer  are  H  and  OH,  products  of  HgO. 


Jtyprovecl  ter  public  release; 


■distribution  unlimited 
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INTRODUCTION' 


When  two  bodies  of  different  insulating  materials  are  rubbed  against 
each  other,  they  become  electrostatically  charged,  one  positively,  the 
other  negatively.  When  the  two  bodies  are  of  the^same  material,  they, 
do  not  acquire  charge.  It  was  reported  by  Shaw  ,  however,  that  when 
two  rods  of  ebonite  are  rubbed  against  each  other  while  held  perpen¬ 
dicularly  to  each  other,  i.  e.  ,  such  that  one,  the  rubber,  is  rubbed  at 
one  spot  while  the  other,  the  rubbed,  is  rubbed  along  its  length,  the 
rubber  becomes  first  negative  and  the  rubbed  positive,  but  continued 
rubbing  reverses  the  signs.  In  this,  experiment,  the  two  rods  are 
initially  identical,  but  they  become  different  as  to  surface  area  rubbed 
and  amount  of  rubbing.  It  is  well  known  that  dust  blown  off  tht;  ground 
or,  in  general,  powder  rubbing  against  a  solid  body  of  the  same 
material,  acquires  electrostatic  charge.  The  net  charge  is  close  to 
zero,  but  the  charges  on  the  individual  particles  may  have  large 
positive  and  negative  values.  This  case  is  materialized  when  a  powder 
is  sprayed  thi\pu|'h  a  metal' nozzle  because  the  metal  becomes  covered 
by  the  powder  "  K 


Owing  to  the  practical  importance  of  the  electrification  in  friction, 
e.  g.  ,  fire  hazard,  the  phenomenon  has  boon  studied  extensively  in  the 
past  More  recently,  the  interest  in  aerosol's  has  initiated  investigations. 
These  investigations  have  produced  information  on  charge  distribution 
and  the  factors  that  influence  amount  and  distribution  of  charge,  but 
the  mechanisms  by  which,  charge  is  generated  and  distributed  have  re¬ 
mained  obscure.  In  order  to  obtain  information  on  these  mechanisms, 
quantitative  measurements  under  controlled  conditions  are  required. 

In  particular,  it  is  necessary  to  observe  each  particle  individually  and 
to  determine  its  friction  and  its  charge.  .  This  is  hardly  possible  v/ith 
a  large  number  cf  particles  as  In  a  powder,  and  the  information  avail- 
•able  is  therefore  essentially  qualitative  or  semi-quantitative. 


The  experiment  reported  in  this  paper  is  designed  to  supply  such 
quantitative  information.  It  is  inspired  by  the  experiment  by  Shaw, 
just  referred  to.  One  may  ask  what  Shaw's  result,  would  have  been 
had  lie  used  a  fresh  rubber  for  each  st.  ■  he.  This  case  comes  close  to 
simulating  a  stream  of  powder  parlicl  along  a  tube*.  In  our 

experiment,  glass  balls  were  rolled  i  t.  ugh  a  glass  tube  into  a  Faraday 
cage,  and  the  charges  acquired  by  the  individual  balls  through  friction 
against  the  tube  were  recorded. 
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The  electrification  of  glass  in  friction  has  been  studied  extensively. 
Reference  m<vy;  be  made  go  Vieweg  ,  who  studied  the  effect  of  water 
•.after  'drying  in  a-  dp.ssicator.j  and-  Ri'/.xi  ,  who  studied  the  effect  of 
heating.  The  effept  of  surface  treatment  has  been  studied  by  Vieweg  , 
S,haw  a r:d  J and' -Knoblauch?*,  The  results  of  these  investigations 
are- that  water  .has  a  fuhdamehtal  .effocl,  and  that  the  acid-base  nature 
of  surface  contaminants  in  aqueous  solution  is  decisive  to  sign,  and 
magnitude  of  ohaxge.  Thc-effect  of  the  atmosphere  upon  friction  elec¬ 
trification  has  been  studied  by  Johes^  and  by  Debeau^'.  The  latter 
investigator  concluded  that  adsorption  from  the  atmosphere  constitutes 
the  essence,  of  the  -phenomena. 


Clearly,  friction  does  not  create  electricity,  it  merely  causes  a  re¬ 
distribution  of- electrical  charge,  i.  e.  ,  transfer  of  electrons  from  one 
body  to ‘the- other  .  The.  mechanism  of  electrification  is  thus  related  to 
that  of  electron  transfer  from  a  solid  to  an  electrolyte  or  from  a  solid 
to  a  vacuum.  The  former  case  applies  to  friction  in  the  ordinary 
atmosphere  and,  generally,  in  the  presence  of  moisture.  The  mechanism 
of.  .electron,  transfer  from  a  metal  electrode  to  an  electrolyte  is  described 
by  the  formula 


emetal  ^2^sol 


^metal  ^ 


OH 


sol 


Tin;  electron  transfer  is  thus  effected  by  HpO  or,  rather,  by  decomposing 
lijjO.  The  receiver  of  H  becomes  positive,  and  the  receiver  of  OH  becomes 
-negative. 

• 

The  transfer  of  electrons  to  a  vacuum  or  a  gas  from  a  solid  exposed 
tofrietiori  i’s  known  as  the  Kramer  effect.  This  effect  will  not  be 
disc  issed  in  this  connection  because  the  electron  transfer  to  an  elec¬ 
trolyte  is  more  directly  applicable  to  two  solids  separated  by  a  film 
or  water. 


It  follows  from  the  evidence  referred  to  that  the  essence  of  electri¬ 
fication  in  friction  is  the  disturbance  of  the  equilibrium  between  surface 
and  atmosphere  and  subsequent  reactions  with  the  constituents  of  the 
atmosphere,  particularly  water,  to  restore  this  equilibrium.  These 
surface  reactions  are  similar  to  those  on  electrodes  immersed  in  an 
electrolyte  They  cause  electron  transfer  and  thereby  electrification. 
This  view  will  be  pursued  in  detail  in  Section  5.  \ 


* 
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In  view  of  the  essential  role  of  the  atmosphere,  one* would  like  to 
study  electrification  in  different  atmospheres.  The  apparatus  used 
in  our  experiments  permits  study  in  the  ambient  atmosphere  only 
It  is  hoped  that  the  effect  of  the  atmosphere  wilk  be  studied  quanti¬ 
tatively  in  a  continuation  of  this  investigation  However,  the  data 
obtained  in  the  ambient  atmosphere  permit  conclusion  on  the  main 
features  of  the  mechanisms  involved 


2.  EXPERIMENTAL*  APPARATUS 

The  experimental  setup  is  shown  in  Figure  1.  Glass  balls  are  fed 
through  the  funnel  arid  copper  tube,  to  the  right  of  Figure  1,  into  a 
glass  tube  and  roll  through  the  glass  tube  into  a  B'araday  cage,  to 
the  left  in  Figure  1,  The  charges  acquired  by  the  balls 'through 
friction  against  the  glass  lube  are  recorded  on  an* Esterline- Angus 
recorder  together  with  the  General  Radio  DC  Amplifier.  The  funnel 
and  copper  tube  are  connected  to  ground.  (This  does  not  remove  the-  '■ 
charges  from  the  balls,',  and  the  glass  balls  are  therefore  charged 
when  they  enter  the  glass  tube.  The  frequency  f  at  which  the  glass 
bails  are  delivered  into  the  glass  tube  is  controlled  by  a  shutter  that 
is  operated,  by  a  motor  •  driven  cam  With  two  motors  of  different 
gear  ratios  with  two  cams  of  1  and  4  notches,  and  .by  varying  the 
■voltage  on  the  motor,  the’ frequency  f  can  be  varied  contim  >u-sly 
between’  1  and  70  balls  per  minute,  * 

/* 

The  glass  tube  has  an  internal  diameter  of  10  mm  and  a  length  of 
24  inches  The  glass  balls  have  a  diameter  of  5  ±  0.  5  mm.  The  tube 
is  made  of  Pyrcx  glass,  (he  balls  of  borosilic.ate  glass 


The  inclination  of  the  glass  tube  is  measured  by  means  of  a  protrac¬ 
tor  and  a  plumb  line  Four  different  inclina’ions  ware  used  20.  0C, 
28  f>°,  12.  5°,  and  2.  1°,  in  this  sequence. 
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Figure  1.  Photograph  of  Apparatus  Used  in  Study  of  Origin  of  Charge. 
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The  input  resistance  of  the  amplifier  is  set  at  10^'olims.  This  gives 
almost  complete  discharge  between  the  balls  even  at  the  highest  fre¬ 
quency.  Higher  frequencies  would  require  a  smaller  input  resistance 
and  a  corresponding  loss  of  accuracy.  The  voltage  from  the  Faraday 
cage  is  of  the  order  of  volts  and  the  charge  on  the  ball  of  the  order  of 
up  to  lOOuuO,  depending  upon  the  experimental  conditions.  The  charges 
are  measured  and  evaluated  in  terms  of  scale  degrees,  the  absolute 
anqount  of  charge  being  of  no  moment  to  the  purpose  of  this  investigation. 


The  Faraday  cage  consists  01  two  coaxial  cylinders  as  shown  in 
Figure  2,  * 


«4 

No  means  are  available  for  the  control  of  temperature  and  humidity  in 
the  roonij  but  these  quantities  are  recorded  on  a  Serdex  Hygrolhermograph. 


3.  EXPERIMENTAL  PROCEDURE 

The  glass  balls  and  the  glass  tube  were  first  tried  as  received  from 
the  supply  house.  Numerous  exploratory  runs  wen;  made  while  trying 
out  the  apparatus.  Although  these  were  not  evaluated;  they  showed  • 
reproducibility  of  the  main  features,  in  particular,  both  positive  and 
negative  charges  were  recorded.  After  these  runs  and  prior  to  quanti¬ 
tive  studies;  the  balls  were  all  cleaned  in  water  under  exposure  to 
ultrasound.  The  effect  of  this  treatment  was  studied  later.  However, 
after  cleaning,  the  charges  were  negative  with  initially  no  positive 
charges  at  all.  After  numerous  runs  in  connection  with  a  modification 
of  the  feeding  device,  the  initial  state  was  qualitatively  reproduced. 

The  quantitative  studies  were,  then  undertaken  with  the  balls  in  this 
state. 


Throughout,  the  entire  investigation,  the  balls  were  rew-r  touched  by 
the  hand.  Balls  spilled  on  the  table  or  the  floor  wore  put  aside.  The 
balls  were  kept  in  a  glass  flask  and  poured  into  the  funnel.  They  were 
recovered  from  the  Faraday  cage  by  pouring  them  back  into  the  storage 
flask. 


\ 
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The  results  were  reproducible  within  the  accuracy  to  be  expected, 
and  no  trend  in  the  data  from  repeated  runs  could  be  discerned.  In 
runs  at  different  frequencies,  tiro  frequency  was  altered  in  a  random 
fashion  in  order  to  eliminate  the  effect  of  any  change  with  time  or 
wear  upon  the  relation  between  charge  and  frequency.  No  such 
effect  was  "noticed. 


After  completion  of  the  study  of  the  dependence  of  charge  upon  frequency 
of  balls  and  inclination  of  tube,  the  effect  of  cleaning  as  studied.  The 
balls  were  divided  into  three  lots.  Each  lot  was  poured  into  an  Erlenmey 
flask,  distilled  water  was  filled  on,  the  water  was  boiled  to  expel  air, 
and  the  flask  was  sealed.  Each  lot  was  then  exposed  (o  ultrasound  for 
10  minutes,  one  lot  with  0^»  one  lot  with  Ng,  and  one  lot  with  air 
bubbling  through  the  water  before  and  during  exposure.  The  balls  were 
dried  under  a  light  bulb,  and  the  three  lots  were  stored  in  separate 
flasks.  These  balls  were  then  run  separately  and  repeatedly  over  a 
period  of  200  hours  at  two  frequencies,  7  and  28  balls  per  minute,  and 
at  an  inclination  of  20.  6°  in  order  to  study  the  effects  of  aging  and  wear 
upon  the  charge. 


When  this  study  was  completed,  the  balls  cleaned  by  ultrasound  under 
air, were  run  10  times,  the  same  balls  being  used  in  all  those  runs,  at 
a  frequency  of  28  balls  per  minute  and  an  inclination  of  20.  6°.  This 
experiment  was  then  repeated  twice,  each  time  with  freshly  cleaned 
balls,  in  a  series  of  13  consecutive  runs. 


After  running  the  three  lots  of  balls  as  just  described  they  were  boiled 
in  water  and  the  runs  at  7  and  28  balls  per  minute,  inclination  20.  6  , 
were  repeated. 

Finally,  the  balls  cleaned  in  ultrasound  under  were  cleaned  again 
under  air.  These  balls  were  then  run  at  four  frequencies  1,  4,  7,  and 
28  balls  per  minute,  at  an  inclination  of  20.  6  . 


The  apparatus  does  not  permit  experiments  with  a  controlled  atmosphere 
in  the  glass  tube.  However,  two  exploratory  experiments  were  run  with 
N2  and  C>2,  respectively,  blown  through  the  glass  tube  from  the  entrarte 
end. 

\ 


-  .-O'*.*. 
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4.  EXPERIMENTAL  RESULTS 
4.  1  "NORMAL"  BALLS 

A  typical  record  is  shown  in  Figure  3.  The  records  were  evaluated 
as  to  number  of  positive,  negative,  and  neutral  balls,  charge  distri¬ 
bution,  and  average  positive,  negative,  absolute,  and  net  charge.  A 
typical  charge  distribution  is  shown  in  Figure  4.  The  other  quantities 
determined  are  shown  in  Figures  5-11. 


For  "normal"  balls,  the  avera.gn  absolute  charge  is 

q  “  kfVf  (1) 

as  shown  in  Figure  5.  The  value  of  kj  is  ,  • 

.  kj  =  k2(cosec  (2) 

as  shown  in  Table  1  and  Figure  6,  u  denoting  the  inclination  of  the  tube. 
The  relation  (2)  holds  for  a  -  12.  5°.  There  is  no  increase  in  k  j,  when 
a  is  reduced  from  12.  5°  to  2.  1°. 


• 

Q 

2.  1° 

TABLE  1. 

12.  5° 

o 

20.  0 

o‘ 

.  28.  5 

sin  a 

0. 03664 

0.  21644 

0. 34202 

.0.47716 

cosec  a 

27.  290 

4. 6202 

2.9238 

2.  0957 

kl 

2.86 

3.  15 

2.  50 

2.  12 

,2 

kl 

8.  18 

9.  81 

6.25 

4.  4'9 

i  2  • 

kjsin  a 

2.  13 

2.  14 

2.  14 

k3 

32.  6 

• 

30.  3 

19.  5 

12.  8 

kjsin  a 

6.  56 

6.  67 

6.  1 1 

\ 
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Figure  3.  Typical  Record  of  Charge  of  Individual  Glass  Sails. 


Figure  9  Ratio  of  Average  Positive  Charge  q+  to  Average  Negative 
Charge  q_  on  the  Balls  as  a  Function  of  ~\f{  at  Various 
Inclinations  of  the  Tube 


v 
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The  value  of  the  percentage  of  positive  balls  follows  a  plot  very 
similar  to  that  of  q.  Figure  7  shows  N+  as  a  function  of  t/f.  The 
plot  is  linear  at  small  values  of  f  and  reaches  a  saturation  level  of 
50  -  60  percent  that  seems  to  be  independent  of  a.  The  slopes  1<3 
of  the  straight  lines  in  Figure  7  are  plotted  against  cosec  a  in  Figure  8. 
A  straight  line  is  obtained  in  the  range  12.  5  =  a  -  28.  5°.  The  values 
of  l^sino  are  given  in  Table  1.  The  value  of  k-j  at  a  =  2.  1°  is  the  same 
as  that  at  a  -  12.  5°.  Thus, 

-N'+  =  kj  -\TT  for  small  values  of  f  (3) 

k3  =  k^cosec  a  for  large  values  of  a  (4) 

« 

The  time  spent  by  each  ball  in  the  tube,  assuming  zero  initial  velocity* 


r-  V 


g  sin  a 


when  L  is  the  length  of  the  tube  and  g  is  the  acceleration  of  gravity. 
Accordingly, 

ki  =  k->T  for  small  values  of  T  (6 


ki  =  k2r  . 

k3  =  2 


for  small  values  of  T 


For  "normal"  balls,  small  values  of  J"  are  below  1  second. 
The  time  t  between  successive  balls  is 


t=  T 


Combining  these  formulae  we  obtain 


q  =  k2  T 


for  small  values  of  T 


q  =  k2 


for  large  values  of  T 


‘  N+  =  k4  T 


for  small  values  of  7*  and (11) 


N+  =  k.T 


for  small  values  of  7  and  t  (12) 


N+  =  k4 


for  large  values  of  T  and  t  (13) 


N+  «  k4 


for  large  values  of  7" and  ~  (14) 


v 
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Figure  9  shows  a  plot  of  the  ratio  of  average  positive  charge  q^.  to  average 
negative  charge  q_  against  square  root  of  frequency  -f.  As  may  be  expected, 
this  plot  is  similar  to  that  for  N+  in  Figure  7.  There  is  a  remarkable 
scatter  of  the  data,  but  the  data  obtained  at  a  =  12.  5  and  a  =  20.  0  seem 
to  be  adequately,  -epresented  by  the  lines  drawn  in  Figure  9. 

The  fraction.  NQi  of  uncharged  balls,  defined  as  those  giving  no  deflection 
of  the  recorder,  was  determined.  Figure  10  and  Figure  11  show  plots  of 
N0  againsty?^-  arid  of  against  "\JT,  respectively.  The  definition  of  NQ 
being  rather  arbitrary,  linked  as  it  is  to  the  response  of  the  recorder,  the 
significance  of  these  plots  should  not  be  exaggerated.  They  show,  however, 
that  NQ  comes  to  zero  at  a  finite  frequency  and  to  unity  at  some  small 
frequency  close  to  zero. 


4.2  SURFACE- TREATED  BALLS 

The  effect  of  ultrasound  upon,  oxygenated  water  is  to  produce  H2O2.  In 
aerated  water,  HNO2  and  HNO3  are  formed  in  addition  to  H2O2.  The  balls 
treated  with  ultrasound  in  water  under  O2.  N2.  and  air  were  run  like  the. 
"normal"  balls,  although  less  extensively.  Table  2  shows  the  ratio  between 
the  average  absolute  charge  of  these  balls  and  those  of  "normal"  balls  at 
ci  “•  20°  and  at  f  =  7  and  f  “  28  balls  per  minute.  This  ratio  is  based  on 
the  curve  drawn  in  Figure  5  for  a  =  20.  0°  and'  the  average  of  three  runs 
for  the  treated  balls. 


TABLE  2. 


q 

"Normal"  balls 

q 

Balls  treated  under  O2 

ratio 

q 

Balls  treated  under  N2 

ratio 

q 

Balls  treated  under  air 


f  =  7 

f  =  28  balls  per 

minute 

6.  75  13.  50 


6.  30 

9.96 

0.93 

0.  74 

8.27 

12.  57 

1.22 

0.94 

4.  23 

5.21 

\ 


ratio 


0.  63 


\ 


0.  39 
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It  follows  from  this  comparison  that  treatment  under  Og  or  N2  does  not 
appreciably  change  the  balls  and  that  treatment  under  air  reduces  the 
average  absolute  charge  of  the  balls.  The  effect  of  treatment  under  air 
is  particularly  conspicuous  in  the  fraction  N^.  of  positive  balls:  in  the 
first  run,  at  f  -  7  balls  pm-  minute,  there  was  not  one  positive  ball 
among  a  total  of  217  balls. 

It  was  noticed  that  the  value  of  N.,.  increased  as  the  experiments  were 
repeated.  This  change  was  not  related  to  time  of  storage,  but  it  was 
simply  related  to  the  number  n  of  runs  as  shown  in  Figure  12.  Thus, 

N+  =  k5n2  (15) 

This  result  shows  that  the  formula  (4)  holds  for  a  much  longer  time,  'n‘T* 
for  these  balls  as  compared  to  "normal"  balls.  Parallel  to  this  increase 
in  N+  there  was  an  increase  in  q^.  ,  but  this  increase  occurred  at  the  . 
expense  of  q_,  and  there  was  no  trend  in  the  values  of  q.  ■* 

/ 

Two  attempts  at  reproducing  the  result  (15)  were  made.  Figure  13 
shows  the  two  plots  of  N.j.  against  n  lor  these  runs.  Although  the  result 
(15)  was  not  reproduced,  these  latter  results  show  that  N+  increases 
with  n  up  to  close  to  90  percent.  Jt  should  be  pointed  out  that  the  same 
tube  was  used  in  all  these  experiments  and  that  nitrite  and  nitrate  were 
probably  rubbed  off  the  balls  onto  the  tube  wall.  This  may  account  for 
the  differences  between  the  three  runs. 


The  data  in  Table  2  suggest  that  the  balls  exposed  to  ultrasound  in 
aerated  water  reach  a  limiting  value  of  the  average  absolute  charge 
•  that  does  not.  increase  with  a  further  increase  in  frequency.  In  order 

to  check  this  point,  a  new  sot  of  balls  thus  treated  were  prepared  and 
run  at  1,  4,  7,  and  28  balls  per  minute.  The  result  is  shown  in  Figure  14. 

4.  3  EFFECT  OF  THE  ATMOSPHERE 

f 

As  already  pointed  out,  the  apparatus  used  in  these  studies  does  not 
permit  the  use  of  controlled  atmospheres  in  the  glass  tube.  However, 
a  few  qualitative  tests  were  mode  in  which  gases  were  blown  through 
the  tube. 

v  .  *' 


S 


Figure  13,  fraction  N ..  of  Positive  Walls  as  a  Function  of  the  Number  n 
of  Successive  Runs  After  Treatment  of  bulls  with  Ultrasound 
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Breathing  clown  the  tube  caused  condensatipn  of  water  on  the  tube  wall. 
In  this  state  no  charge  was  obtained.  Slight  breathing  that  did  not  cause 
condensation  reduced  the  charge;  the  positive  charge  was  reduced  much 
more  than  was  the  negative  charge. 


Flushing  the  tube  with  slightly  increased  the  average  charge  but  had 
little  effect  on  the  ratio  of  positive  to  negative  balls. 


Flushing  the  tube  with  Og  increased  the  average  charge  by  a  factor  of 
2.  5  and  completely  suppressed  the  positive  charges. 


4.4  QUALITATIVE  OBSERVATIONS 

Within  the  experimental  accuracy  there  was  no  noticeable  effect  of  variations 
in  temperature  (60  -  80°  F)  and  relative  humidity  (50  -  30  percent)  upon 
the  quantities  observed.  The  average  absolute  charge  seemed  to  decrease 
somewhat  with  increasing  humidity. 


Owing  to  variations  in  size  and  roundness  of  the  glass  balls,  it  occurred 
occasionally  that  two  hells  were  delivered  together  or  with  a  short  interval 
into  the  glass  tube.  Numerous  such  pairs  were  recorded.  There  was 
no  relation  between  such  balls  as  to  sign  and  magnitude  of  charge. 


It  was  thought  that  the  charges  would  be  refrioved  from  the  balls  partly 
in  the  Faraday  cage  and  finally  in  the  feeding  device.  This  turned  out 
to  be  wrong.  The  balls  entering  the  glass  tube  were  charged.  In  order 
to  check  this  further,  the  balls  were  conducted  through  a  ground-connected 
copper  tube  between  the  glass  tube  and  the  Faraday  cage.  This  had  no 
.noticeable  effect  on  the  voltage  of  the  Faraday  cage,  and  it  made  no  dif¬ 
ference  whether  the  balls  rolled  on  the  wall  of  the  ground- connected  copper 
tube  or  dropped  through  it  without  touching  the  wall.  Although,  thus, 
passage  through  the  ground- connected  copper  tube  did  not  remove  the 
charge  from  the  balls,  it  was  observed  that  the  first  ball  of  each  run, 
particularly  after  a  long  delay  since  the  preceding  run,  gave  no  charge 
to  the  Faraday  cage,  and  that  a  stationary  state  of  charge  was  built  up 
gradually  by  the  first  few  balls. 


v 


\ 
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THEORY 

As  was  pointed  out  in  Section  1.  H  and  OH  are  instrumental  in  electron 
transfer  processes  in  general  and  in  the  electrification  by  friction  in 
particular.  The  source  of  H  and  OH  is  H2O  in  the  atmosphere  or  in  the 
solid  bodies.  m  these  experiments,  H2O  was  abundant  to  the  extent 
that  its  reaction,  particularly  the  heterogeneous  formation,  of  and  OH, 
may  be  assumed  to  be  rapid.  Rate -determining  in  the  formation  of  charge 
and  in  its  distril  tion  upon  balls  ard  tube  should  then  be  subsequent 
reactions  o(  H  and  OH. 

The  identification  of  the  reaction  mechanism  requires  quantitative  study 
of  the  effects  of  the  pertinent  species,  i.  e.  ,  measurements  in  controlled 
atmospheres.  Such  study  is  planned  as  a  continuation  of  this  investigation. 
Meanwhile,  information  may  be  derived  from  the  results  reported  in 
Section  4.  "  ‘  , 


Vn  the  interpretation  of  the  data  it  should  bo  borne  in  mind  that,  the  data 
do  not  pertain  immediately  to  generation  of  charge  but  to  distribution  of 
charge.  In  terms  of  electron  transfer,  the  data  pertain  to  the  difference 
beiwcM'i;  the  rates  cf  electron  transfer  in  the  two  directions  ball-tube  and 
tube  ball.  The  system  hall -tube  constitutes  a  rectifier  for  the  flow  of 
charge  whatever  the  source  of  charge  may  be.  On  the  other  hand,  the 
amount  of  charge  on  the  ball  depends  not  only  upon  the  relative  distri¬ 
bution  of  charge  but  also  upon  the  total  amount  of  charge  to  be.  distributed. 


The  fact  that  N_  increases  with  T  shows  that  the  c.ha*  go  on  the  ball  changes 
its  sign  during  the  passage. of  the  ball  through  the  tube  and  with  a  tendency 
to  becoming  more  positive  up  to  a  certain  limiting  value  of7"j  above  which 
positively  and  negatively  charged  balls  are  approximately  equally  abun¬ 
dant.  it  seems  to  follow  that  ball  ard  tube  rub  off  on  each  other  until  teeir 
surfaces  are  equal,  whei  cupon  the ‘probability  of  charge  of  one  sign  on 
either  of  the  two  is  the  same.  This  conclusion  is  borne  out  by  the  obser¬ 
vation  that  fresh  balls  and  tubes  behave  differently  from  balls  and  tubes 
worn  in  together. 


v 
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The  fact  that  IT.  increases  with  f  shows  then  that  the  result  of  this 
equalization  decays  with  time.  However,  above  a  certain  limiting 
value  of  f,  N.  is  independent  of  i  and  is  approximately  50  percent. 
At  this  state,  the  decay  no  more  affects  N.j  but  it  continues  to 
affect 


The  value  of  q  increases  with  T up  to  a  certain  limiting  value,  which 
is  the  same  as  that  for  N.|  .  But  q  continues  to  increase  vith  f,  far 
beyond  the  limiting  value  for  N  u  . 


These  observations  suggest  that  the  total  charge  increases  with  f,  at 
least  above  a  certain  value  of  f,  and  that  f  essentially  affects  the  distri¬ 
bution  of  charge.  If  this  conclusion  is  correct,  the  change  generation 
decays  according  to  formula  (1),  This  means  that  each  ball  passing 
through  the  tube  creates  a  state  in  the  Lube  that  is  instrumental  in  the 
generation  of  charge. 


Clearly,  the  decay  of  the  charge-generating  state  proportionally  to 
fy  may  bo  accounted  for  in  several  ways.  The  evidence  indicates 
sur'iace  phenomena  rather  than  phenomena  in ‘the  gas  volume  of  the 
glass  tube.  Such  evidence  is  the  profound  effect  of  surface  treatment 
and  the  negligible  affect  of  blowing  N;>  through  the  tube. 


:  perjy'.tjnt,  heterogeneous  reactions  have  been  treated  in  preceding 
ers  “  1 .  The  decomposition  of  H?0  pn  an  oxide  (glass)  surface 


The 

pa  pc  r  s  U"  The  decomposition  of  H^O  pn  an  oxide  (glass)  surlace 

is  enormously  accelerated  by  traces  of  a  hydrogen- replacing  metal. 
Such  metal  is  present  in  the  glass,  e.  g.  ,  Na.  'At  a  stationary  state, 
who:  reduction  and  oxidation  are  at  a  balance,  the  amount  of  such  metal 
on  the  surface  is  constant,  and  reactions  occur  preferentially  on  and  at 
exposed  free  mctai  On  such  metal,  the  equilibrium 


Hg  Oads , 


Hmctal  A-  OHatis 


1 16) 


is  rapidly  established.  Denoting  coverages  by  bracke's  and  concentration 
in  solution  in  the  metal  by  braces,  this  equilibrium  gives 


(17) 


X 


N 


\ 
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In  the  case  at  hand,  at  high  H?0  vapor  pressures,  !l-bO  is  close  to  unity 
and  U  -  13;  '  '  '■  J 


11  1  “3  ' 

The  fraction  of  free  absorption  sites  is  1  ^ 


(i  *  e 


(h2  °  ) 


when  ;H?0/  denotes  the  water  vapor  pressure  and  K  is  the  equilibrium 
constant  ir. 

•  (H2o;-(i  -  0}  k[h2o]  '  (20; 

11  W' 

Absorption  of  H  occurs  by  the  reaction  ”  > 


H2  *  OHacjs  '"^mctal  ^2^ads 


and  at  the  rate 


-d#'  k6(H2)  [OH]  (1-0) 


Integration  gives 


{!!}  ■;  Yk^K771 


(H20) 


172  'V 1 


In  the  case  at  hand,  the  value  of  (1-12)  just  above  the  surface  is  a  constant 
that  is  determined  by  the  rate  of  escape  of  from  the  surface  into  a 
vacuum,  and  •the  value  of  (H2Oj  is  also  a  constant.  Accordingly,  from 
equations  (18)  and  (23), 

k., 

■  [oh]  .,  yf  (24) 

It  should  he  pointed  out  that,  at  a  stationary  state,  the  rate  of  absorption 
of  I-I  is  equal  to  the  rate  of  desorption  of  H2,  although  these  processes 
occur  at  different  spots  on  the  surface,  and  it  is  also1  equal  to  the  rate 
of  oxidation  of  metal  and  reduction  of  oxide.  Absorption  of  H  occurs  at  spots 
of  reduction,  desorption  of  H2  occurs  at  spots  of  qxi’dation.  These  phe¬ 
nomena  have  been  discussed  in  detail  elsewhere  ^7  1 


v 
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Comparing  the  formulae  »1)  arcl  '(24)  we  find  that  q  is  proportional  to 
joiij.  Thus  the  case  of  heterogeneous  reaction  of  OH  is  compatible 
with  the  empirical  formula  l,. 

Let  us  consider  two  surfaces  in  contact,  both  of  which  consist  of  oxide 
with  islands  of  free  metal.  For  simplicity,  the  oxide  will  first  be  dis¬ 
regarded  as  a  chemical  species  and  considered  as  an  electrical  insulator 
only.  The  free  metal  is  partly  covered  with  H^O,  partly  with  OH,  and  is 
partly  hare.  The  reason  why  there  are  undecomposed  H2O  molecules  is 
that  they  have  no  adjacent  free  adsorption  site,  if  now  an  MpO  site  on 
one  surface  comes  in  contact  with  a  free  site  -on  the  other  surface,  this 
HpO  molecule  decomposes  into  H  and  OH.  If  the  free  site  is  adjacent  to 
an  OH  sue  ar.d  receives  ah  H  atom,  the  two  combine  and  the  result  is 
that  an  OH  on  one  surface,  and  an  H2O  on  the  other  surface  have  changed 
places.  There  is  no  charge  transfer  in  this  process.  If,  however,  the 
free  site  that  receives  the  H  atom  is  not  adjacent  to  an  OH  si(.e,  the  H, 
atom  goes  into  the  metal  and  charge  transfer  occurs  so  that,  the  receiver 
of  H  becomes  positive  and  the  other,  .the  receiver  of  OH,  becomes  nega¬ 
tive.  Since  {l-f*  increases  for  the  receiver  of  H,  its  number  of  OH  sites 
decreases  and  its  ability  to  receive  H  under  charge  transfer  increases. 

By  the  same  token,  the  receiver  of  OH  loses  ability  to  receive  H  under 
charge  transfer.  Thus,  if  an  island  starts  to  charge  positively,  it  will 
continue  to  charge  positively.  The  process  continues  until  [  11 2 O j  ,  jjQi-lj, 
«-nd  ilk  are  equal  for  both  metals.  From  there  on  there  is  ho  further 
r.et  transfer  of  charge.  The  charge  is  thus  proportional  to  the  total 
time  of  contact  'f,  up  to  a  certain  limiting  value,  as  found  empirically. 

jf'.now  one  surface,  the  ball,  is  at  equilibrium  with  the  atmosphere  while 
the  other  surface,  the  tube,  has  an  excess  of  OH  as  compared  to  the 
equilibrium,  the  ball  island  will  be  positively  and  the  tube,  island  negatively 
charged,  the  amount  of  charge  being  proportional  to  the  excess  of  OH  above 
that  at  equilibrium.  Since,  according  to  formula  (24),  the  excess  of  OH 
is  proportional  to  ,  the  amount,  of  positive  charge  oil  the  ball  island  is 
proportional  10  .,-y  as  found  empirically. 

Let  us  now  consider  the  oxide  at  the  edge  of  the  metal  island.  If  the  ball 
island  is  at  equilibrium  with  the  atmosphere  while  the  tube  island  is  not, 
the  OH  density  at  the  edge  of  the  ball  island  is  still  higher  than  the  OH 
density  on  the  tube  island.  There  will  therefore  be.  an  exchange  of  Oil 
and  H2O,  as  previously  described,  at  the. edges.  This  process  will  con¬ 
tinue  until  the  islands  become,  on  the  average,  equal  on  both  surfaces. 


\ 
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Clearly,  the  more  total  free  metal  there  is  'on  one  surface,  the  smaller 
is  the  edge  effect  and  the  smaller  the  over-all  density  of  OH  at  equi¬ 
librium.  lienee,  the  more  total  free  metal,  the. more  positive  charge. 
Therefore,  soda  glass  should  be  positive  with  respect  to  Pyrex,  and  a 
ball  of  a  glass  intermediate  between  soda  glass  and  Pyrex  should  be 
negative  with  respect  to  soda  glass  and  positive  with  respect  to  Pyrex. 
This  is  in  agreement  with  observation.  On  the  other  hand,  with  pro¬ 
longed  rubbing,  the  metal- rich  glass  will  reduce  whatever  metal  there 
is  in  the  metal- poor  glass  and  the  difference  v/ill  be  correspondingly 
reduced.  This  is  also  in  agreement  with  observation. 

The  exchange  just  referred  to,  by  which  the  metal- rich  surface  reduces 
out  more  metal  on  the  metal -poor  surface.does  not  occur  perfectly 
uniformly.  Some  balls  "rub  off"  more,  other  balls  less.  A  state  will 
therefore  In;  established  in  which  the  balls  and  the  length  of  the  tube 
are  covered,  on  the  average,  by  equal  amounts  of  free,  metal.  At  this 
state,  irrespectively  of  the  bulk  analyses,  there  are  equal  numbers  of 
positive  and  negative  balls  above  certain  values  of  f  and  f. 


The  mechanism  outlined  above  is  corroborated  by  the  observed  effects 
of  N;>  and  0->  blown  through  the  tube.  N2»  that  has  little  effect  on  OH, 
has  little  effect  upon  the  charge.  0%,  how  ever,  that  reacts  with  H  to 
form  OH  according  to  the  formula 

°2  +  2Hmetal  — *  H2°2  ads  — 2  OHads  (25) 

has  a  drastic  effect  upon  the  balls,  which  are  at  equilibrium  with  the  ambient 
atmosphere  and  contain  much  H.  It  makes  all  the  balls  negative  by  in¬ 
creasing  their  [OH]  .  It  also  increases  the  average  charge  that  is  pro¬ 
portional  to  [oh]  . 


The  oxidation- reduction  mechanism  and  the  charge  transfer  mechanism 
according  to  formula  (1)  are,  fundamentally,  those  of  electrochemical 
potential.  The  electrochemical  aspect  has  been  emphasized  by  Wolf 
who  considered  transfer  of  metallic  ions  to  a  film  of  water  on  the  insulator 


as  the  essence  of  electrification  in  friction.  In  the  experimental  pursuit 
of  this  view.  Wolf  showed  that  the  sign  of  the  charge  may  be  reversed  by 


* 


v 
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the  application  of  an  electric  field  of  suitable  magnitude  and  direction. 
The  electrochemical  aspect  is  borne  out  by  a  comparison  between  the 
potentials  of  metals  rubbed  against  SiO 2  and  their  standard  electrode 
potentials.  This  comparison  is  shown  in  Figure  15  on  the 
and  Leavoy  and  the  electrode  potentials  given  by  Cooke 


detta  of  Shaw 


6.  CONCLUSION 

The  experimental  technique  used  in  this  investigation  permits  the  quanti¬ 
tive  study  of  olectrification'in  friction.  The  choice  of  nearly  equal 
materials  in  the  friction  couple  eliminates  unessentials  and  directs  the 
attention  to  the  basic  mechanism  of  electrification. 


The  data  show  that  the  essence  of  this  mechanism  is  the  disturbance  of 
the  equilibrium  between  the  surface  and  the  atmosphere  as  a  result  of 
friction  and  the  subsequent  equalisation  of  the  disturbed  surfaces  to  each 
other  and  with  the  atmosphere. 

A 

Although  the  identification  of  tin  details  of  the  electrification  mechanism 
requires  the  study  of  the  effect  of  the  atmosphere,  the  main  features  of 
the  mechanism  can  be  derived  from  t,he  results  obtained  in  the  ambient 
atmosphere. 


The  results  are  compatible  with  the  general  mechanism  for  electron 

transfer  as  outlined  in  Section  1.  The  role 'of  water  requires  surface 

reactions  of  the  water  with  the  glass,  the  mechanisms  of  which  wore 

e  q  3  \ 

worked  out  in  detail  in  a  previous  investigation  1 .  It  consists  in 
oxidation- reduction  processes  involving  the  silicate  of  the  glass  and 
fr'ee  metal  reduced  out  from  the  silicate. 


\ 
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